In vivo nuclear magnetic resonance spectroscopy, in vitro gas chromatography-mass spectrometry, and automated 15N/13C mass spectrometry have been used to demonstrate that glutamate dehydrogenase is active in the oxidation of glutamate, but not in the reductive amination of 2-oxoglutarate. In cell suspension cultures of carrot (Daucus carota L. cv Chantenay), primary assimilation of ammonium occurs via the glutamate synthase pathway. Glutamate dehydrogenase is derepressed in carbonlimited cells and in such cells the function of glutamate dehydrogenase appears to be the oxidation of glutamate, thus ensuring sufficient carbon skeletons for effective functioning of the tricarboxylic acid cycle. This catabolic role for glutamate dehydrogenase implies an important regulatory function in carbon and nitrogen metabolism.
The GOGAT3 cycle is now widely accepted as the major route of ammonium assimilation in higher plants. Studies of primary ammonium assimilation, the photorespiratory nitrogen cycle, and secondary ammonium assimilation (that de- rived from the catabolism of nitrogenous storage and transport compounds) have all yielded results consistent with the consecutive action of GS and GOGAT (6, 20, 28) . However, controversy still exists as to the role of the enzyme GDH in higher plants. It is found in all higher plants examined and is often present at high levels in, for example, senescing and root tissues (1 1, 22) . The 'Abbreviations: GOGAT, glutamate synthase; GS, glutamine synthetase; GABA, y-aminobutyric acid; GDH, glutamate dehydrogenase; MSO, methionine sulfoximine; AOA, aminooxyacetic acid; ANCA, automated '5N/'3C analyzer; MTBSTFA, N-methyl-N-(tertbutyldimethylsilyl)trifluoroacetamide; HFIB, heptafluorbutyryl isobutyl; t.BDMS, tert-butyldimethylsilyl; INEPT, insensitive nuclei enhanced by polarization transfer.
complementary role to the GOGAT cycle (18, 23, 29) . Alternatively, it could catalyze the oxidation of glutamate and furnish carbon to the TCA cycle (26) . The general characteristics of the enzyme offer confficting evidence with regard to its role. In vitro the thermodynamically favored direction of the reaction is the production of glutamate, but the enzyme is reported as having a very large Michaelis constant with respect to ammonium (24) , a characteristic that argues strongly against an assimilatory role (14) . However, the large amounts of GDH present in some tissues may be adequate to account for observed rates of ammonium assimilation, even if intracellular substrate concentrations of ammonium are low. It is suggested that GDH has a role in ammonium reassimilation under conditions of stress (23) . However, attempts to confirm an assimilatory role, using inhibitors of GS and GOGAT have failed to show ammonium assimilation under conditions where the GOGAT cycle is blocked. Inhibition of GS by MSO brings about an accumulation of ammonium and stops the incorporation of '5N-labeled ammonium into amino acids (2, 6, 20) . There are reports of relatively small amounts of incorporation via an MSO insensitive pathway (18) , but these represent less than 1% of total ammonium incorporated. Assuming that MSO does not affect the activity ofGDH, and this assumption has been questioned (18) , the general conclusion from these experiments is that GDH plays no role in ammonium assimilation. The present investigation was undertaken to establish if the function of GDH is the catabolism of glutamate.
MATERIALS AND METHODS

Growth Conditions
Suspension cultures of carrot, Daucus carota L. cv Chantenay, isolated 6 years previously were maintained on Murashige and Skoog (15) All enzyme assays were carried out at 30°C and were linear with respect to length of incubation time and quantity of enzyme assayed. Soluble protein was determined using the Bio-Rad protein assay (3).
Expression of Results
Enzyme activities are given as nanokatals per mg protein.
Protein, Ammonium, and Sucrose Determination Total cell protein was extracted by alkaline hydrolysis (4). The sample was neutralized and assayed using the Bio-Rad protein assay.
Medium ammonium concentration was assayed directly using a colorimetric method (13) . For determination of ['5N] ammonium in the medium the ammonium was first purified by cation exchange to remove all amino acids and to concentrate the sample. The medium was applied to a Bio-Rad 5OX-Na+ membrane (Bio-Rad Laboratories, Hemel Hempstead, Herts), and after washing with 15 mL sodium acetate (10 mM) to remove amino acids, the ammonium was eluted with 1 mL 0.5 M sodium phosphate.
Medium sucrose concentration was determined using the phenol-sulfuric method (5 both labeled and unlabeled amino acids. t.BDMS derivatives allow the determination of the total amount of 'sN incorporated into glutamine and asparagine and the proportion of the amides that are singly or doubly labeled.
To determine the 'sN label in both the amide-N and the amino-N a second derivative was prepared. The remaining 0.5 mL amino acid extract was separated into neutral/basic and acidic amino acids by Dowex 1-acetate ion exchange chromatography (19) . The neutral and basic amino acid fraction was lyophilized, redissolved in 50% methanol, dried under nitrogen, and derivatized as the HFIB esters as described by Rhodes et al. (19) . On preparation of these derivatives the amide groups of glutamine and asparagine are lost to form glutamate and aspartate, respectively. GC-MS then allows direct determination of the '5N incorporation into the amino-N of glutamine (determined as glutamate). GC/MS of the HFIB derivatives was performed as for t.BDMS derivatives but the mass range scanned was m/z 200 to 400 and the GC was temperature programmed from 120°C for 2 min, +6°C/ min to 280°C. The '5N in amino-N of glutamine was calculated after integration of ions m/z 298,299. The '5N label in amide-N of glutamine was then calculated by difference.
Preparation of Cells for in Vivo NMR
Carrot cells were cultured as described previously (8) . Prestationary phase cells (1 d) were harvested by gentle filtration through a 40 ,m nylon mesh. The cells (approximately 12 g fresh wt) were resuspended in nitrogen-free medium supplemented with 5 g/L sucrose at pH 5.6 to give a total volume of 25 mL, corresponding to a packed cell volume of 50%. The suspension was transferred to a 20 mm diameter NMR tube and cells were oxygenated with an airlift system operating with an oxygen flow rate of up to 50 mL/min (9) . For experiments performed in a 10 mm diameter NMR tube, approximately 2.5 g fresh wt of cells were resuspended in 6 mL of medium and the suspensions oxygenated using a scaled down version of the airlift system operating at 20 mL/min. The cells were allowed to stabilize in the NMR tube for 3 h before the acquisition of spectra. Enzyme inhibitors were added to the suspending medium in the NMR tube immediately after the transfer of the cells and '5N-labeled glutamate or ammonium chloride were added at the end of the 3 h equilibration period. The initial extracellular concentration was 2 mm for the inhibitors and 20 mm for the labeled glutamate and ammonium chloride.
15N NMR Spectroscopy
'sN NMR spectra were recorded at 30.42 MHz on a Bruker CXP 300 spectrometer using a 10 or 20 mm diameter broad band frequency probe head. Cell suspensions were oxygenated continuously with the airlift system and the temperature was maintained at 250C. 'H-coupled '5N NMR spectra were usually accumulated with a 900 pulse angle, a recycle time of 5 s, and a total acquisition time of h for qualitative experiments and a 300 pulse angle, a 20 s recycle time, and a 4 h acquisition time for quantitative experiments. 'H-decoupled NMR spectra were usually accumulated with a 900 pulse angle, a recycle time of 2 s, a total acquisition time of 1 h, and low power decoupling for 1.75 s prior to acquisition to produce the nuclear Overhauser enhancement and high power decoupling for 0.25 s during the acquisition. INEPT spectra were usually accumulated with a 900 pulse angle, a 2.35 s recycle time, and an acquisition time of 30 min. Chemical shifts are quoted relative to the resonance at 0 ppm from nitrate.
RESULTS AND DISCUSSION Ammonium Assimilation
The activities of GS and GOGAT were highest during the period of rapid cell growth and maximum ammonium assim- ( 17, 25) . These results suggest that, while ammonium assimilation was occurring primarily via the GOGAT cycle, the high levels of GDH activity could also make a substantial contribution to ammonium assimilation. The relative flux through these two routes of assimilation were investigated by determining the incorporation of ['5N]ammonium in the presence and absence of MSO.
['5N]ammonium incorporation was analyzed using in vivo NMR and GC-MS. Figure 1 Figure 1 is similar to that observed previously by in vivo 5N NMR in the ectomycorrhizal fungus Cenococcum graniforme (12) and shoot-forming cultures of white spruce buds (27 In addition to preventing the incorporation of '5N into amino acids, MSO also affected the concentration of ammonium in the medium (Table III) . In control cells the ammonium concentration dropped from 1.6 mm to 0 over 12 h, representing an uptake rate of 1.3 ,umol h-'g fresh wt-'. Measurements of cell ammonium also showed that there was very little residual ammonium in the cells, suggesting that ammonium was assimilated as it was taken up. In the MSO treatment ammonium was released into the medium at a rate of 0.8 ,umol h-'g fresh wt-' during the period from 6 to 24 h.
Analysis of the total cell protein (Table III) suggests that this ammonium was derived from protein turnover. The control cells showed a net gain to protein of 1.38 ,mol N h-'g fresh wt-' corresponding to an uptake of 1.3 gmol N h-'g fresh wt-' as ammonium from the medium. In contrast over the same period the MSO cells showed a net loss from protein of 1.75 ,umol N h-'g fresh wt-' and this was recovered as 1.14 /Amol N h-'g fresh wt-' ammonium in the medium and cells.
These results show that despite the high levels of GDH present in carrot cells ammonium assimilation occurs solely via the GOGAT cycle. Moreover, GS activity is high during the period of rapid nitrogen assimilation and declines during the stationary phase, GDH on the other hand is lowest during the period of nitrogen assimilation and highest when sucrose is limited. The effect of carbon supply on GDH activity has been much studied and there is agreement that sugars exert a regulatory effect on this enzyme. In general GDH levels rise in response to carbon limitation and this effect is reversed by the addition of various sugars (16, 21) . The link between GDH activity and carbon starvation is therefore well established.
It has been suggested (18) that MSO might affect the metabolism and transport of 2-oxoglutarate and thereby exert a substrate limitation effect on GDH. To investigate this possibility, the effect of adding 10 mm 2-oxoglutarate to both the control and MSO treatments was determined. Table III shows that the addition of 2-oxoglutarate had no effect on the production of ammonium by these cells, suggesting that GDH is not prevented from assimilating ammonium by insufficient 2-oxoglutarate.
The catabolism of protein and the production of ammonium suggested the possibility that GDH was active in the catabolism of glutamate. This was investigated by studying the metabolism of ['5N]glutamate using in vivo NMR, ANCA-MS, and conventional GC-MS.
Glutamate Metabolism
The metabolism of '5N-labeled glutamate by cells pretreated with 2 mM MSO and AOA was followed over 24 h using in vivo '5N NMR spectroscopy (Fig. 2) . The increase in peak height and reduction in line width of the glutamate resonance between 2 and 9 h occur as glutamate is taken up from the (Table IV) . The uptake of ['5N]glutamate was reduced by 25% by MSO treatment but was not affected by AOA (Table V) . In the MSO treatment 10% of the 'sN label was recovered as ['5N]ammonium in the medium. This corresponds to 12% of the total ammonium produced by the cells. No ammonium was detected in the medium in either the control or the AOA treatment. The '5N label in ammonium only includes that secreted into the medium and not the ammonium present in the cells. It was not possible to measure the labeling of the cell ammonium because the concentration was below the detection limit of the ANCA-MS. Incorporation of label into soluble amino acids was reduced by 50% in the MSO treatment compared to the control (Table VI) . As a proportion of label taken up, soluble amino acids accounted for: control 29%, AOA treatment 23%, MSO treatment 19%. The proportion of label detected as insoluble nitrogen represented 63% to 65% of the total uptake for the three treatments.
In the AOA treatment '5N labeling was significantly reduced in glutamate, methionine, aspartate, serine, and isoleucine and increased in GABA, histidine, and tyrosine (Table  VI) . The proportion of total glutamine label increased slightly in the AOA treatment, from 19% to 23%. Analysis of the position of the label showed that in the control the majority of label was present in the amino-N but treatment with AOA produced a more equal distribution, 55% amino-N, 45% amide-N. The label in the amide group suggests that ['5N] ammonium has been produced from the ['5N]glutamate and reassimilated via GS. In the MSO treatment, glutamate represents a larger percentage of the amino acid pool compared to the control and AOA treatment and there was no incorporation of '5N into glutamine. MSO decreased the proportion of label in GABA and alanine and increased the proportion in the remaining amino acids, especially leucine, isoleucine, phenylalanine, aspartate, and arginine. medium into the cells. Ammonium was detected at 13.5 h and its concentration increased over the next 4 h, during this period there was a corresponding decrease in the glutamate resonance. The intensity of the final ammonium signal represented 15 to 30% of the original glutamate signal. However, the exact measurement of the fraction of the label that accumulated in ammonium is complicated by the fact that the observed signal probably only represents the cytoplasmic ammonium fraction as a result of the pH dependence of the ammonium linewidth (R Lee, RG Ratcliffe, submitted for publication). This experiment has been reproduced with two different cell culture lines. 'H-decoupled spectra showed that GABA also became labeled (data not shown). The absence of the remaining amino acids from these spectra is due to their These experiments offer strong evidence to support the hypothesis that GDH is involved in the catabolism of glutamate. The production of ['5N]ammonium from ['5N]glutamate has been demonstrated both in vivo by NMR and in vitro using the ANCA system. In the presence ofGS inhibitors ammonium can be detected in the media, whereas if GS is active, ammonium produced by this reaction is reassimilated into the amide of glutamine. The labeled ammonium recovered from the medium accounted for 10% of the label taken up by the cells.
CONCLUSIONS
These results demonstrate that GDH is active in the catabolism of glutamate in higher plants. With NMR it has been possible to demonstrate both ammonium assimilation and glutamate catabolism in vivo. This technique has shown that ammonium is first incorporated into the amide of glutamine offering further support for the GOGAT cycle as the major route of ammonium assimilation in higher plants. These studies also provide evidence that GDH is not involved in ammonium assimilation. There is no assimilation of ammonium under conditions where GS is inhibited even when the cells are supplied with excess 2-oxoglutarate. The glutamate metabolism experiment shows clearly that glutamate is catabolized to ammonium and 2-oxoglutarate. If GS is active this ammonium is detected in the amide-N of glutamine and if GS is inhibited ammonium is released into the medium.
GDH appears to catalyze the oxidation of glutamate in response to a deficiency of carbon. Under conditions of carbon limitation GDH activity in carrot cells increases by a factor of ten. The conclusion from these experiments is that the primary role of GDH is the oxidation of glutamate, thus ensuring sufficient carbon skeletons for effective functioning of the TCA cycle under conditions where carbon is limited. This catabolic role for GDH implies an important regulatory function in carbon and nitrogen metabolism. 
